We have performed complementary time-resolved fluorescence resonance energy transfer (TR-FRET) experiments and molecular dynamics (MD) simulations to elucidate structural changes in the phosphorylation domain (PD) of smooth muscle regulatory light chain (RLC) bound to myosin. PD is absent in crystal structures, leaving uncertainty about the mechanism of regulation. Donor-acceptor pairs of probes were attached to three site-directed di-Cys mutants of RLC, each having one Cys at position 129 in the C-terminal lobe and the other at position 2, 3, or 7 in the N-terminal PD. Labeled RLC was reconstituted onto myosin subfragment 1 (S1). TR-FRET resolved two simultaneously populated structural states of RLC, closed and open, in both unphosphorylated and phosphorylated biochemical states. All three FRET pairs show that phosphorylation shifts the equilibrium toward the open state, increasing its mol fraction by ∼20%. MD simulations agree with experiments in remarkable detail, confirming the coexistence of two structural states, with phosphorylation shifting the system toward the more dynamic open structural state. This agreement between experiment and simulation validates the additional structural details provided by MD simulations: In the closed state, PD is bent onto the surface of the C-terminal lobe, stabilized by interdomain salt bridges. In the open state, PD is more helical and straight, resides farther from the C-terminal lobe, and is stabilized by an intradomain salt bridge. The result is a vivid atomic-resolution visualization of the first step in the molecular mechanism by which phosphorylation activates smooth muscle. fluorescence resonance energy transfer | FRET | molecular dynamics | molecular dynamics simulation | time-resolved fluorescence S mooth muscle myosin (SMM) is a member of the myosin superfamily of motor proteins, which use chemical energy from ATP hydrolysis to perform mechanical work on actin. Motor properties of myosin are activated by Ca 2þ . In skeletal muscle, Ca 2þ moves actin-bound inhibitory proteins to allow active myosin-actin interaction. In smooth muscle, activation requires phosphorylation of regulatory light chain (RLC) (Fig. 1) , which is distant from the myosin active site on the catalytic domain ( Fig. 1) . Unphosphorylated SMM is auto-inhibited by interactions between the two catalytic domains (1, 2) that are relieved by RLC phosphorylation (3, 4) . Although regulation requires both heads of myosin (5-8), phosphorylation of one RLC is sufficient to activate both heads (9, 10).
We have performed complementary time-resolved fluorescence resonance energy transfer (TR-FRET) experiments and molecular dynamics (MD) simulations to elucidate structural changes in the phosphorylation domain (PD) of smooth muscle regulatory light chain (RLC) bound to myosin. PD is absent in crystal structures, leaving uncertainty about the mechanism of regulation. Donor-acceptor pairs of probes were attached to three site-directed di-Cys mutants of RLC, each having one Cys at position 129 in the C-terminal lobe and the other at position 2, 3, or 7 in the N-terminal PD. Labeled RLC was reconstituted onto myosin subfragment 1 (S1). TR-FRET resolved two simultaneously populated structural states of RLC, closed and open, in both unphosphorylated and phosphorylated biochemical states. All three FRET pairs show that phosphorylation shifts the equilibrium toward the open state, increasing its mol fraction by ∼20%. MD simulations agree with experiments in remarkable detail, confirming the coexistence of two structural states, with phosphorylation shifting the system toward the more dynamic open structural state. This agreement between experiment and simulation validates the additional structural details provided by MD simulations: In the closed state, PD is bent onto the surface of the C-terminal lobe, stabilized by interdomain salt bridges. In the open state, PD is more helical and straight, resides farther from the C-terminal lobe, and is stabilized by an intradomain salt bridge. The result is a vivid atomic-resolution visualization of the first step in the molecular mechanism by which phosphorylation activates smooth muscle. fluorescence resonance energy transfer | FRET | molecular dynamics | molecular dynamics simulation | time-resolved fluorescence S mooth muscle myosin (SMM) is a member of the myosin superfamily of motor proteins, which use chemical energy from ATP hydrolysis to perform mechanical work on actin. Motor properties of myosin are activated by Ca 2þ . In skeletal muscle, Ca 2þ moves actin-bound inhibitory proteins to allow active myosin-actin interaction. In smooth muscle, activation requires phosphorylation of regulatory light chain (RLC) ( Fig. 1) , which is distant from the myosin active site on the catalytic domain ( Fig. 1 ). Unphosphorylated SMM is auto-inhibited by interactions between the two catalytic domains (1, 2) that are relieved by RLC phosphorylation (3, 4) . Although regulation requires both heads of myosin (5) (6) (7) (8) , phosphorylation of one RLC is sufficient to activate both heads (9, 10) .
The structural mechanism by which phosphorylation of RLC at S19 activates SMM is a mystery, primarily because there is no highresolution structure of any myosin that contains the N-terminal 24 residues of RLC ( Fig. 1 ). Site-directed spin labeling demonstrated that this N-terminal segment acts as a coherent domain in response to phosphorylation, so it is now referred to as the phosphorylation domain (PD) (11) . Removal of PD abolishes regulation, but charge replacement or deletion of PD causes only partial activation (12, 13) , suggesting that full activation requires specific structural changes within PD. Fluorescence studies on the structurally homologous skeletal RLC suggest that the N terminus extends away from the C lobe of RLC (14, 15) . Cross-linking within heavy meromyosin (HMM, a two-headed fragment of SMM) suggests that a portion of PD can interact with the C lobe of its partner RLC, whereas phosphorylation decreases this interaction (16) . This head-head interaction is probably responsible for allosteric nucleotide effects on PD (17) .
An important step toward a high-resolution structure of PD, and thus the entire RLC, came from the above-mentioned site-directed spin labeling study (11) . A spin label was attached to a series of single-Cys mutants of PD on HMM, and electron paramagnetic resonance (EPR) spectra showed that phosphorylation increases helicity within PD, while increasing its solvent accessibility and rotational mobility. Subsequent MD simulations on the isolated PD confirmed the disorder-to-order transition and provided a more detailed atomic structural explanation-PD is disordered from K11 to Q15, and phosphorylation at S19 allows a salt bridge to form with R16, stabilizing the α-helical secondary structure N terminal to R16 (18, 19) . The favorable enthalpy change arising from electrostatic interactions is balanced by a loss of configurational entropy, minimizing the change in free energy of ordering due to phosphorylation (19) .
In the present study, we have addressed the phosphorylationinduced structural transition in PD of SMM by using two complementary approaches: fluorescence experiments and molecular dynamics (MD) simulations. We performed time-resolved fluorescence resonance energy transfer (TR-FRET) within three di-Cys mutant RLCs reconstituted into SMM subfragment 1 (S1). The single-headed S1 was used to avoid complexities introduced by head-head interactions. Although enzymatic properties of S1 are insensitive to phosphorylation (7) , RLC bound to S1 undergoes similar phosphorylation-dependent structural changes as in two-headed SMM (11, 20) . TR-FRET results were validated and illuminated with all-atom MD simulations of both unphosphorylated and phosphorylated biochemical states of RLC bound to the 36 amino acid segment (IQ) of the SMM heavy chain. This combined approach allowed us to resolve distinct structural states of this system and to construct a detailed atomic-level model for the phosphorylation-dependent structural changes that trigger the activation of smooth muscle.
Results
Labeling and Phosphorylation. Each Escherichia-coli-expressed RLC di-Cys mutant was first labeled with donor (5-({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-1-sulfonic acid)) at a small fraction (approximately 30%) of sites, then labeled with excess acceptor fluorescein maleimide (SI Methods), ensuring that most donors have acceptor bound to the same RLC. Both donor-only and donor-acceptor RLC were thiophosphorylated. Mass spectrometry confirmed that virtually all Cys residues were labeled and that virtually all labeled RLCs were phosphorylated ( Fig. S1A ).
Fluorescently labeled di-Cys RLCs were exchanged onto S1, and actin-activated ATPase activities were nearly identical to that of unlabeled S1 (Fig. S1B ).
TR-FRET Reveals Open and Closed Structural States of RLC. Steadystate fluorescence intensity provides little or no resolution of populations. Time-resolved FRET provides direct and independent information about the mol fractions and interprobe distances represented by distinct populations. Using the instrumentation described in Methods, TR-FRET was performed on 10 μM S1, with RLC labeled either with donor only (D) or with donor plus acceptor (D þ A), in a solution containing 150 mM NaCl, 25 mM Tris, pH 7.5 (25°C). First, the fluorescence of each donor-only sample, F D ðtÞ, was fitted by a multiexponential function (Methods, Eq. 1), with three exponentials required for an optimal fit ( Fig. S2 and Table S1 ). These preexponential factors and lifetimes were used to constrain FRET fits (Eq. 2). For each of the three doubly labeled mutants (S2C/M129C, K3C/M129C, and A7C/M129C), F DþA ðtÞ shows an increase in the rate of fluorescence decay, as shown in Fig. 2 for one of the mutants. Time resolution is parti-cularly important in the present FRET study, because there is a significant fraction of RLC that contains only donor, and time-resolved data allow us to correct quantitatively for this component of the waveform (Eq. 3). We tested several different models for the distance distribution ρðRÞ (Eqs. 2-4), including a single FRET distance ("1R"), a single Gaussian distribution ("1G"), two discrete distances ("2R"), and two Gaussian distributions ("2G"). As exemplified in Fig. 2 , the two-component models (2R, 2G) were clearly superior, with χ 2 values 3-5 times less than for one-component models. The 2G model (Eq. 4) was selected, not only because of its superior statistics (lowest χ 2 ), but also because it is physically more realistic than 2R and is more consistent with MD simulations (discussed below). Consequently, fluorescence waveforms from all three di-Cys mutants were fitted by the model described by (Eqs. 2-4), which accounts for the fraction of uncoupled donor (X D ) and determines the centers (R 1 , R 2 ), widths FWHM 1 ; FWHM 2 , and mol fractions (X 1 ,
All FRET datasets were fitted well by this model, producing two populations having short and long distances. These distances were determined by assuming κ 2 ¼ 2∕3 in the calculation of R 0 (4.62 nm) (Eq. S7), which is a safe assumption, since time-resolved fluorescence anisotropy showed that probes on PD are nearly isotropic, implying that probe orientation does not significantly affect the accuracy of FRET analysis (Table S2 and Eq. S5). For each mutant, both biochemical states (phosphorylated and unphosphorylated) of RLC yielded similar mean distances and widths for the two structural states (Fig. S3 ), and in each case, phosphorylation increased the mol fraction in the long-distance population. Indeed, when the datasets were fitted globally ( Fig. 3) , assuming that the same two structural states were present in both biochemical states (unphosphorylated and phosphorylated) for a given mutant, the quality of the fit was just as good as when the distance distributions were allowed to vary independently (Fig. S3 ). These results strongly support a model in which RLC has two fundamental structural states, closed and open (corresponding to short and long FRET distances, respectively), with phosphorylation shifting the equilibrium toward the open state.
This model is supported further by the observation that the mol fractions of the two states, and their dependence on phosphorylation, are similar for all three mutants (Table 1) , which are thus detecting independently the same fundamental equilibrium between closed and open structural states. Phosphorylation shifts the equilibrium populations toward the open state by about 23% (Table 1) .
Molecular Dynamics Simulations Confirm FRET Results and Reveal Un-
ique Structural Details. Eight MD simulations were performed on unphosphorylated and phosphorylated RLC (residues 1-165) bound to an IQ of the smooth muscle myosin heavy chain (residues 815-850) (Fig. 4A ). The starting structure for these simulations was based on homology modeling from crystal and EM structures, with PD starting as an idealized helix (Methods). Distances were measured between C α atoms of the same pairs of residues used in FRET experiments. Trajectories (Fig. 4B) show that both unphosphorylated and phosphorylated biochemical states occupy two structural states, open (distance ∼3 nm) and closed (Fig. 4A) , demonstrated by bimodal distance distributions in all three mutants (Fig. 4C, solid) , which are remarkably similar to those observed by TR-FRET (Fig. 4C, dashed) . Both simulations and experiments show that the mean probe separation is 2-3 nm greater in the open state, where the amplitude of fluctuations (distribution width) is also greater in most cases. The pattern is similar for all three mutants, showing that PD acts as a coherent domain. Upon phosphorylation, simulations (Fig. 4C, solid) confirm emphatically the shift toward the open state observed by experiments ( Fig. 4C, dashed) : Simulations show a shift from 18% to 59% open; experiments from 33% to 56% (Table 1 ). Simulations also show that phosphorylation produces more interdomain disorder in both structural states, producing broader and more heterogeneous distance distributions (Fig. 4C , solid red) and greater rmsd fluctuations (Fig. S5 ). RLC approaches steady-state rmsd levels within a few nanoseconds, with values substantially greater with phosphorylation (0.3-0.9 nm) than without (0.2-0.6 nm) ( Fig. S5A ). Root-mean-square deviation levels, and the amplitude of fluctuations in these levels, are generally greater when the entire RLC is included (Fig. S5A ) than when each domain is analyzed separately, aligned to itself ( Fig. S5 B and C) , demonstrating that a major source of structural fluctuations is interdomain movement of PD relative to the rest of RLC.
Discussion
Complementary Experimental and Computational Methodologies. We used two complementary approaches, TR-FRETexperiments and MD simulations, to construct an atomic-resolution structural model of the complete RLC bound to myosin heavy chain (Figs. 4A and 5). Both approaches provide evidence of two coexisting RLC structural states (closed and open) in each of the two biochemical states (unphosphorylated and phosphorylated), with a population shift toward the open state upon phosphorylation (Fig. 4C ). This combined approach is particularly effective because the limitations of one method are compensated by the other. FRET, like other ensemble spectroscopic methods, samples an enormous set of molecular conformations and times, so convergence is not in doubt, whereas MD simulations deal with one molecule at a time, and convergence is particularly problematic when large-scale conformational transitions are observed between long-lived states (Fig. 4B and Fig. S6 ). However, FRET is limited to the observation of two sites at a time using loosely coupled probes, whereas MD simulations include all atoms and show details of secondary structure and tertiary interactions. Fortunately, TR-FRET provides enough structural resolution to compare the distance distributions directly with those of MD simulations, and these distributions are in remarkable agreement, showing similar means, widths, and bimodal character ( Fig. 4C and Table 1 ). Thus the two approaches validate each other. Although our most secure conclusions are those that are accessible from both techniques (Fig. 4C) , the validated MD simulations allow us to extrapolate beyond experiment and gain more detailed structural insight, as discussed below.
Phosphorylation Shifts the RLC Structural Equilibrium. EPR data (11) showed that, upon phosphorylation, PD of SMM RLC exhibits an increase in helicity, solvent accessibility, and rotational mobility, consistent with the more open structure indicated by the present study. The increase in helicity was confirmed in previous MD simulations on the isolated PD, regardless of whether the CMAP correction [used in the present simulation; sometimes reputed to overestimate helicity (21) ] was employed (18, 19) . But the current results provide much more than confirmation-they provide the added dimension of structural resolution (Fig. 5) . Both experiments and simulations show that phosphorylation shifts a preexisting equilibrium between two resolved structural Table 2 shows that helicity is greater in the open structural state, with phosphorylation shifting the equilibrium toward this state and thus increasing helicity.
However, the open structural state has a wider distance distribution ( Fig. 4C ) and larger rmsd fluctuations (Fig. S5 ) giving rise to a more dynamic and disordered tertiary structure (Fig. 5 ).
Interdomain and Intradomain Salt Bridges. MD simulations suggest that the tertiary order of the closed state is stabilized by interdomain salt bridges between basic residues in PD and acidic residues in the C lobe, as exemplified in Fig. 6A. Fig. 6B shows a trajectory in which the R4-D100 salt bridge is present throughout the closed period and is immediately lost in the closed-to-open transition. Fig. S7 shows that these closed-state salt bridges are three times more prevalent in the absence than in the presence of phosphorylation. It is not likely that the particular salt bridge depicted in Fig. 6 is essential for formation of the closed state, because deletion of the first 10 residues of PD has little effect on the function of smooth muscle myosin (13) . Nevertheless, such a deletion would still leave a cluster of basic residues (K11, K12, and R13) at the N terminus, at an appropriate location to interact with several acidic residues on the C lobe. Salt bridges also stabilize the open state, but in this case they are intradomain. Our previous MD simulations showed that the R16-pS19 salt bridge functions as a switch that increases helical order within PD (18) . We find that this phosphorylation-dependent salt bridge is formed during 93% of the simulation, correlating with destabilization of the R4-D100/E99 salt bridge (Fig. S7, red) , thereby introducing tertiary disorder of RLC (Fig. 5) .
Mechanism of Regulation. The principal mystery in smooth muscle regulation is how phosphorylation of PD on RLC relieves inhibitory head-head interactions, resulting in functional changes 8-10 nm away at the ATP-and actin-binding sites of myosin (1, 2, 22) . Because the present study deals with a single myosin head and focuses on the RLC, we cannot directly address this entire puzzle. However, it is plausible that a compact inhibited structure of the entire myosin molecule is initiated on a smaller scale by the compact closed structure that is predominant in the unphosphorylated RLC (Fig. 5 ). This could be explained by direct RLC-RLC interactions (16) , or by less direct effects that propagate through the heavy chain (20) . If changes in RLC order are transmitted to the tightly coupled heavy chain, then the more flexible RLC (more populated open state) after phosphorylation would allow greater flexibility of the heavy chain, allowing the entire myosin molecule to become more open and active (20) . Further studies involving site-directed spectroscopy and simulations on two-headed myosin will be needed to test these hypotheses.
Relationship to Other Systems. There are several other examples of muscle protein systems in which high-resolution spectroscopy, sensitive to dynamics and disorder and supported by MD simulations, has revealed the coexistence of two structural states within a single biochemical state, with a biochemical transition shifting this population. EPR and TR-FRET have shown this in the heavy chain of myosin, with biochemical states defined by nucleotides at the active site. EPR (23) (24) (25) and NMR have shown it in phospholamban, with biochemical states defined by phosphorylation (26, 27) . In contrast to RLC, phospholamban undergoes an order-to-disorder transition in secondary structure upon phosphorylation, due to the formation of a helix-stabilizing salt bridge involving P-Ser (28) . 
Conclusion

Methods
Methods for protein preparations, labeling, thiophosphorylation, mass spectrometry, and S1 exchange are in SI Text.
TR-FRET. Fluorescence waveforms were detected using a fluorometer built in collaboration with Fluorescence Innovations, Inc., using a passively Q-switched frequency-tripled neodymium-doped yttrium/aluminum-garnet laser that delivers narrow, highly reproducible, and high-energy pulses (∼1 μJ) with a 10 kHz repetition rate. A full fluorescence emission waveform was detected in response to each laser pulse (every 0.1 ms) using a photomultiplier tube (Hamamatsu) and a transient Digitizer (Acqiris). Each reported waveform is an average of 950 individual waveforms (experiment complete in ∼0.1 s), each of which consists of 500 points (0.125 ns per point), digitized with 10-bit resolution. Waveforms were analyzed with a program written by Igor Negrashov, Fargofit, which supports global nonlinear fitting. The observed donor-only waveform F Dobs ðtÞ was fitted by a simulation F Dsim ðtÞ, consisting of a multiexponential decay F D ðtÞ convolved with the instrument response function (IRF) (from water light scatter),
where τ Di are donor-only fluorescence lifetimes. The best fit was obtained with n ¼ 3 in Eq. 1 (Fig. S2) . The waveform of donor-acceptor labeled myosin before convolution, F DA ðtÞ, was fitted assuming that the acceptor increases the decay rate due to energy transfer (Eq. S6). In the most general case, a distribution of donor-acceptor distances ρðrÞ was assumed:
A i expfð−t∕τ Di Þð1 þ ½R 0i ∕R 6 Þgdr; [2] and the observed waveform F DþAobs ðtÞ was fitted by F DþAsim ðtÞ:
where X D is the fraction of proteins labeled only with donor. Several functional forms of ρðRÞ were tested: single discrete distance (1R), two discrete distances (2R), single Gaussian (1G), and two Gaussian components (2G). The best fits (indicated by residual plots and χ 2 ) were consistently obtained for the 2G model (Fig. 2) ,
Each fit yielded five independent parameters of ρðRÞ: centers R 1 and R 2 , widths FWHM 1 and FWHM 2 , and mol fraction X 1 .
Molecular Dynamics Simulations. The base RLC structure was obtained by homology modeling, using as a template the crystal structure of scallop myosin regulatory domain, which lacks the first 24 residues (PD) (29) . Based on EPR data (11) and MD simulations (18, 19) , we reconstructed PD by assigning an ideal α-helix, using Swiss Protein Data Bank (PDB) Viewer. It is unlikely that an unfolded domain would undergo phosphorylation-induced folding in these simulations because the folding of the fastest isolated peptides requires several microseconds (30) . The model was refined by 500 cycles of energy minimization. In order to map RLC onto IQ coordinates (PDB 1I84), α-carbon coordinates of RLC were aligned to those found in the cryo-EM structure (1), and this model was subjected to several rounds of energy minimization. Phosphorylation at S19 was assigned using the PSFGEN utility of NAMD 2.6 (31) . Phosphate was assigned a charge of −2, based on pK a ¼ 6.5 for phosphoserine and pH > 7 in smooth muscle (32) and our FRET experiments. A pH of 7.5 was assigned by adjusting side-chain ionization states of RLC using the PROPKA utility of VMD (33). The system was embedded in TIP3P water boxes with a minimum distance of 2 nm between the protein and the edges of the periodic box. Na þ and Cl − ions were added to neutralize charge and produce an ion concentration of approximately 150 mM, as in experiments. Topologies and parameters were used according to the CHARMM22 force field (34, 35) with CMAP correction. To improve conformational sampling, we performed four independent MD simulations for each system, phosphorylated and unphosphorylated, with randomly selected initial atomic velocities (36) . The systems were warmed to 310 K and equilibrated for 1 ns. MD simulations used NAMD 2.6 (31) with periodic boundary conditions (37), particle mesh Ewald (38, 39) , a nonbonded cutoff of 0.9 nm, and an integration step of 2 fs.
